Vesicular V-ATPase (V-type H + -ATPase) and the plasma membrane-bound Na + /K + -ATPase are essential for the cycling of neurotransmitters at the synapse, but direct functional studies on their action in native surroundings are limited due to the poor accessibility via standard electrophysiological equipment. We performed SSM (solid supported membrane)-based electrophysiological analyses of synaptic vesicles and plasma membranes prepared from rat brains by sucrose-gradient fractionation. Acidification experiments revealed V-ATPase activity in fractions containing the vesicles but not in the plasma membrane fractions. For the SSM-based electrical measurements, the ATPases were activated by ATP concentration jumps. In vesicles, ATP-induced currents were inhibited by the V-ATPasespecific inhibitor BafA1 (bafilomycin A1) and by DIDS (4,4 -diisothiocyanostilbene-2,2 -disulfonate). In plasma membranes, the currents were inhibited by the Na + /K + -ATPase inhibitor digitoxigenin. The distribution of the V-ATPase-and Na + /K + -ATPasespecific currents correlated with the distribution of vesicles and plasma membranes in the sucrose gradient. V-ATPase-specific currents depended on ATP with a K 0.5 of 51 + − 7 μM and were inhibited by ADP in a negatively co-operative manner with an IC 50 of 1.2 + − 0.6 μM. Activation of V-ATPase had stimulating effects on the chloride conductance in the vesicles. Low micromolar concentrations of DIDS fully inhibited the V-ATPase activity, whereas the chloride conductance was only partially affected. In contrast, NPPB [5-nitro-2-(3-phenylpropylamino)-benzoic acid] inhibited the chloride conductance but not the V-ATPase. The results presented describe electrical characteristics of synaptic V-ATPase and Na + /K + -ATPase in their native surroundings, and demonstrate the feasibility of the method for electrophysiological studies of transport proteins in native intracellular compartments and plasma membranes.
INTRODUCTION
Electrophysiological studies of transport proteins in their native environment can help us to understand the interplay of different ions and solutes at membranes and their impact on the physiology of the corresponding organs or tissues. At SPMs (synaptic plasma membranes) Na + /K + -ATPase builds electrochemical Na + and K + gradients, which are the major driving forces for the transport of neurotransmitters from the synaptic cleft into the cytosol [1] . Loading of neurotransmitters into synaptic vesicles is driven by an electrochemical proton gradient built up by a multi-subunit V-ATPase (V-type H + -ATPase) [2, 3] . Besides the V-ATPase, chloride conducting proteins also play an important role in building the optimal proton gradient [4, 5] . Both the transport of protons via VATPases, as well as the translocation of Na + /K + cations across membranes via Na + /K + -ATPases generate electrical currents and thus are suited for electrophysiological analysis [6, 7] . However, electric measurements of ATPases in native membranes and intracellular compartments are challenging. In particular, SVs (synaptic vesicles) are difficult to access with standard electrophysiological equipment due to their small size (∼ 40 nm).
Therefore existing electrophysiological studies mainly deal with vesicular channels, and synaptic V-ATPase and vesicular transport proteins have not yet been electrically characterized in their native surroundings [8, 9] . On the other hand, direct measurements on plasma membrane Na + /K + -ATPases are usually performed in an excised-out giant patch clamp configuration, complicating the electrophysiological analysis [10] . For these reasons, knowledge of the electrical properties of synaptic V-ATPase and Na + /K + -ATPases in their native surrounding is limited.
During the last ten years, the SSM (solid supported membrane) technique has been shown to be suited for electrical analysis of transporters, pumps and channels in different membrane environments [7, 11, 12] . For such electrical measurements, the SSM is built on a planar gold electrode by depositing an alkane-thiol layer followed by a phospholipid layer on top of it. Membrane fragments or vesicles containing the protein of interest are then adsorbed on to this SSM ( Figure 1 ) and thereby a fluid compartment is formed between the SSM and the protein-containing membranes. The protein-specific charge movements into or out of this compartment are induced by rapid exchange of a non-activating solution for a solution containing either a substrate or a protein-activating agent [11] . Depending upon the charge of the moved agents, and the direction of the transport, either positive or negative transient currents are detected [13] . The transient nature of the currents is based on the arrangement of the adsorbed membranes and SSM on the sensor and the current detection principle [11] . Briefly, the SSM behaves like a capacitor with the solution in the fluid compartment, and with the gold electrode being the capacitor plates ( Figure 1 ). According to these arrangements, the transportdependent transient currents correspond to the charging of the sensor gold electrode and the charging kinetics depends on the transport activity of the assayed protein [7, 11, 13] . In general, the peak current value is used to analyse the protein transport activity.
We applied the SSM-based technique for electrical analysis of ATPases in native SVs and SPMs. The specificity of the underlying protein activities was determined by measuring substrate dependencies and by testing V-ATPase and Na + /K + -ATPase inhibitors. The regulation of V-ATPase by ADP was also studied. To distinguish between V-ATPase and chloride-specific effects in SVs both the ATP-and chloride-induced currents were characterized with respective inhibitors.
EXPERIMENTAL Preparation and storage of SVs and SPMs
Handling of animals was under veterinary supervision conforming to the European Convention for the protection of vertebrate animals used for experimental and other scientific purposes. SVs and SPMs were isolated from rat brains via a modified Percolland sucrose-gradient centrifugation as described by Morciano et al. [14, 15] . One whole brain of an adult Sprague-Dawley rat (Harlan) was used per each preparation. The brain was homogenized with a glass homogenizer as described previously [14] , the homogenate was centrifuged for 10 min at 1000 g and 4
• C, and the resulting supernatant was layered on a discontinuous Percoll gradient [3 %, 10% and 23 % (v/v) Percoll in 5 mM Tris/HCl, pH 7.4, containing 320 mM sucrose]. After 7 min centrifugation at 13 000 rev./min in a SW32 rotor the fractions containing synaptosomes (between 3 and 10 % and between 10 and 23 %) were collected and lysed according to the original protocol [14, 15] . The resulting suspension was layered on to a continuous sucrose gradient ranging from 0.3-1.2 M sucrose in 10 mM Hepes/NaOH, pH 7.4, containing 0.5 mM EGTA, in a total volume of 32 ml. The gradient was centrifuged for 2 h at 22 000 rev./min in SW32 rotor and 30 fractions (1 ml each) were collected. Typically, SVs were enriched in lower density fractions F5 to F9 and contained around 80 ng/μl total protein. SPMs were enriched in fractions F22 to F28 and contained around 200 ng/μl total protein. The SVs or SPMs from each fraction were divided into 100 μl aliquots, equivalent to 8-20 μg total protein, frozen in liquid nitrogen and stored at −75
• C.
Preparation of biosensors and SSM-based electrical measurements
The biosensors were prepared with gold-electrode sensors from IonGate Biosciences as described by the manufacturer. Briefly, the SSM was built on a gold electrode by applying first an alkanethiol followed by phospholipid di-phytanoyl-phosphatidylcholine. Subsequently, the SSM-coated sensors were covered with 50 μl of equilibration buffer [50 mM Hepes/NMG (Nmethylglucosamine), pH 7.2, containing 150 mM KCl, 2 mM MgCl 2 and 0.2 mM DTT (dithiothreitol)] and incubated at 4
• C for 15 min. An aliquot of SVs or SPMs (5-20 μg of total protein) was thawed and sonicated with a microsonicator by applying 5 bursts with an amplitude of 30 % (ultrasonic processor UP 50 H with a MS 1 tip; Dr. Hielscher). Sonicated SVs or SPMs (0.5-2 μg total protein) were loaded on to each sensor and incubated at 4
• C for 12 h. After this incubation the sensors could be stored for another 48 h at 4
• C without significant reduction of the protein activities. For electrical measurements, the SV-or SPM-loaded biosensors were integrated into the fluidic system of the SURFE 2 R (Surface Electrogenic Event Reader) One biosensor setup (IonGate Biosciences) and the proteins were activated via rapid exchange between pre-incubating, nonactivating and activating solutions [11, 13] . The application of activating solution induced transient rapidly decaying currents. After the current decayed, the system was set back by rinsing the sensor with the pre-incubating or non-activating solutions. The proteins were then activated again by applying the nonactivating and the activating solution. In this way different solutions and experimental conditions could be assayed on the same sensor. If required, possible changes (run down) in the protein activity during the experimental period was monitored by application of a reference activating solution. V-ATPasemediated currents were induced by exchanging the non-activating solution (50 mM Hepes/NMG, pH 7.2, containing 150 mM potassium D-aspartate, 2 mM MgSO 4 and 10 mM KCl) for the activating solution (non-activating solution supplemented with 5-300 μM ATP; the 'ATP-concentration jump'). DTT (0.2 mM) was added to stabilize the V-ATPase protein activity. Na + /K + -ATPase was activated by 5-1000 μM ATP in Na + -containing buffers (30 mM Hepes/NaOH, pH 7.0, containing 140 mM NaCl and 2 mM MgCl 2 ). Chloride conductance was measured by rapid exchange of pre-incubating solution (50 mM Hepes/NMG, pH 7.2, containing 330 mM potassium D-aspartate and 2 mM MgSO 4 ) with non-activating solution (pre-incubation solution with 300 μM K-ATP) followed by activating solution (50 mM Hepes/NMG, pH 7.2, containing 300 mM K-Asp, 2 mM MgSO 4 , 30 mM KCl and 300 μM K-ATP). Inhibitors were prepared as DMSO stock solutions {for DIDS (4,4 -di-isothiocyanatostilbene-2,2 -disulfonate), BafA1 (bafilomycin A1), NPPB [5-nitro-2-(3-phenylpropylamino)-benzoic acid] and CCCP (carbonyl cyanide m-chlorophenylhydrazone)} or ethanol stock solutions [Dig (digitoxigenin)] and added in equimolar amounts to all solutions. All inhibitors were purchased from Sigma-Aldrich. The final concentration of DMSO or ethanol in solutions never exceeded 0.1 %.
Acidification assays
Acidification of membrane vesicles was measured by following the quenching of AO (Acridine Orange) fluorescence in a FlexStation fluorescence spectrophotometer (Molecular Devices) with excitation and emission wavelengths at 485 and 530 nm respectively in reaction buffer (10 mM Mops/KOH, pH 7.4, containing 60 mM KCl, 4 mM MgSO 4 and 300 mM sucrose). Shortly before the experiment, AO [1 mM AO in 30 % (v/v) ethanol] was added to a final concentration of 10 μM and SV or SPM suspensions were applied to a final total protein concentration of approx. 0.05 μg/μl. The reaction was started by adding 120 μM K-ATP, and stopped by adding either V-ATPase inhibitors or ionophores. Fluorescence changes were monitored at 37
RESULTS

Preparation of SVs and SPMs and acidification assays
The SVs and SPMs were prepared from whole rat brains using the adapted sucrose-gradient protocol of Morciano et al. [14, 15] . Using this protocol SVs were enriched in the lower density fractions F5 to F9, whereas SPM was contained in the higher density fractions F22 to F28. We tested the distribution of SVs in the low-and high-density fractions by measuring the V-ATPasemediated acidification of vesicles with the AO fluorescence dye [16] . In these assays the acidification is detected by the quenching of the AO fluorescence. For the experiments the SV fractions F5 to F9, and the SPM fractions F24 to F26 were pooled, and the AO fluorescence changes were recorded with the spectrophotometer. Adding 120 μM ATP to the reaction mix decreased the AO fluorescence in the SV fractions, but not in the SPM fractions ( Figure 2A ). The moderate increase of the fluorescence in SPM fractions was not ATP specific, as it was observed also after adding other chemicals such as DMSO (results not shown). In SVs the ATP-induced fluorescence decrease was inhibited by the VATPase inhibitor BafA1 [17] at a concentration of 25 nM. In SPMs BafA1 had no effect on the AO fluorescence. The pre-incubation of SVs with the proton ionophore CCCP or with DIDS inhibited the ATP-induced effects ( Figure 2B ). Moreover, supplying CCCP after the ATP application reversed the fluorescence quenching, demonstrating that the quenching was due to the accumulation of protons in SV.
Electrical measurements of the V-ATPase activity
To measure the electric activity of synaptic V-ATPase, SSM sensors were prepared with the SV-containing fractions (F5 to F9) and the protein was activated by rapid exchange of a non-activating, ATP-free solution with an activating solution containing ATP (ATP concentration jumps). To suppress possible Na + /K + -ATPase activity due to residual SPM contamination of SV fractions, the measurements were performed in Na + -free conditions. Consistent with a translocation of positive charges (protons) across the adsorbed SV membranes towards the electrode [12, 13] , the ATP concentration jumps induced positive currents on the SV-loaded sensors ( Figure 3A ). In SSM-based electrophysiology, the protein-dependent currents correspond to the charging of the capacitor formed by the SSM, the fluid compartment and the gold electrode [11, 13] (see Figure 1) . As expected for capacitor charging, the ATP-induced currents were transient and decayed in range for several hundred milliseconds after the application of the activating solution. The time range of the current decay correlated with the SSM measurements of other transporter proteins reported previously [11] [12] [13] . As soon as the current decayed completely, the system was set back by equilibrating the sensor in the non-activating solution. The protein could be repeatedly activated by applying the activating solution over an extended time period (4-6 h) and different experimental conditions could be tested on the same sensor. The ATP concentration jumps induced electrical currents on the SVs only in presence of 2 mM Mg 2+ ; no ATP-induced currents were observed with solutions lacking Mg 2+ and containing 0.5 mM EDTA ( Figure 3A) . The currents were fully inhibited by 25 nM BafA1 ( Figure 3B ) and depended on the ATP concentration with the apparent half-maximal concentration, K 0.5 for ATP, of 51 + − 7 μM (Figures 3C and 3D) . 
Electrical measurements of the Na
For the measurements of the plasma membrane-associated Na + /K + -ATPase, the sensors were prepared with the higher density fractions (F24 to F28) enriched in SPMs. The experiments were performed as described by Pintschovius and Fendler [7] with non-activating and activating solutions containing Na + but free of K + . On SPM-coated sensors, 150 μM ATP concentration jumps induced fast-decaying electric currents ( Figure 4A ). The currents were reduced by 1 μM Dig, an Na + /K + -ATPase inhibitor [18] , whereas 10 nM BafA1 had no effect on the ATP-induced currents of SPM fractions ( Figure 4A ). At 1 μM concentration, Dig inhibited the ATP currents by approx. 70-80 %. The remaining currents could be further inhibited by increasing Dig concentrations (results not shown). The Dig-sensitive currents depended on ATP with a calculated K 0.5 of 12 + − 5 μM ( Figure 4B ).
Distribution of V-ATPase and Na
+ /K + -ATPase in sucrose gradient
The protocol described above for the separation of SVs and SPMs by continuous sucrose gradients was originally applied for proteomic studies and assessment of the distribution of VATPase, Na + /K + -ATPase, and other SV and SPM marker proteins, characterized immunologically via Western blotting [14, 15] . To perform functional analysis of the V-ATPase and Na + /K + -ATPase distribution in the gradient, the representative SV fractions F6-F8, the SPM fractions F24-F26 and the intermediate fraction F14
were tested for V-ATPase and Na + /K + -ATPase activity by ATP concentration jumps in Na + -free or in Na + -containing solutions respectively and by applying the respective inhibitors BafA1 and Dig. Figure 4 (C) and Supplementary Table S1 (available at http://www.BiochemJ.org/bj/427/bj4270151add.htm) show the BafA1-sensitive and the Dig-sensitive ATP-induced currents in the different fractions. In SV fractions F6-F8 under Na + -free conditions, the ATP-induced currents were inhibited by 10 nM BafA1 but were insensitive to Dig. In Na + -containing solutions, the currents were to a minor extent (approx. 18 %) sensitive to 1 μM Dig ( Figure 4C ; Supplementary Table S1) suggesting that there was some Na + /K + -ATPase activity in the SV-enriched fractions, possibly originating from residual SPM contaminations. In SPM fractions F24-F26 the ATP-induced currents were insensitive to BafA1 but were inhibited by Dig. No ATP-induced currents were detected with the intermediate fraction F14. Overall, these results correlate with the distribution of the V-ATPase and Na + /K + -ATPase proteins in the sucrose gradient, as described by the immunoblotting analysis [14, 15] . As the partial Dig sensitivity of the ATP-dependent currents in F6-F8 suggested that there may be some residual contamination with Na + /K + -ATPase (SPM) in SV fractions all further V-ATPase studies were performed under Na + -free conditions. 
V-ATPase and kinetics of inhibition with BafA1, DIDS and ADP
BafA1 inhibits V-ATPases in the low nanomolar range, whereas other membrane-bound ATPases are not affected or are sensitive only to significantly higher concentrations (in the micromolar range) [17] . Accordingly, the V-ATPase-and not the Na + /K + -ATPase-specific currents were inhibited with 10 nM BafA1 supplied to the non-activating and activating solutions ( Figures 4A  and 4C ). In previous studies BafA1 was described to accumulate in membranes [19] and therefore the effects of different BafA1 concentrations were studied over an extended period of time. BafA1 at a concentration of 5 nM inhibited the V-ATPase-specific currents; 1 nM BafA1 also inhibited the current after a longer incubation time ( Figure 5A ). The incubation time necessary for the inhibition was dose-dependent, with the slowest kinetics at the lowest BafA1 concentration. The BafA1 effects were either not or only poorly reversible under the given experimental conditions. Besides BafA1, DIDS, a general inhibitor of chloride-conducting proteins, has also been described to inhibit V-ATPases at low micromolar concentrations [16] . To further characterize the VATPase-specific currents, DIDS and, as a competitive inhibitor, ADP were used [16, 20, 21] . For testing DIDS, the inhibitor was added to the non-activating and activating solutions and the V-ATPase activity was recorded for 15-50 min ( Figure 5B ). Addition of 10 and 1 μM DIDS resulted in a complete inhibition of the V-ATPase-specific currents. Similar to BafA1, the incubation time necessary for the complete inhibition was dose-dependent with slower kinetics at the lower DIDS concentration. After 50 min incubation with 0.1 μM DIDS, the V-ATPase activity was reduced by 30 % with a further falling tendency, suggesting that the inhibition did not reach the maximum. For ADP inhibition experiments, V-ATPase was activated by 120 μM ATP in the presence of increasing ADP concentrations in the non-activating and activating solutions. At these conditions, the IC 50 for ADP was at 1.2 + − 0.6 μM with a Hill co-efficient of 0.5 + − 0.1 ( Figure 5C ). The reversibility of the ADP effects depended on the applied ADP concentration ( Figure 5D ). Whereas the effect of a low concentration of ADP ( 1 μM) could not be reversed in the given conditions, the effects of 10 or 100 μM ADP were partially reversible. V-ATPase activities after the washout of 10 or 100 μM ADP both recovered to the V-ATPase activity measured in the presence of ∼ 1 μM ADP.
V-ATPase and vesicular chloride conductance
As well as having inhibitory effects on V-ATPase, DIDS is a general inhibitor of chloride-conducting proteins [16, 22] . To test whether DIDS may also act on the V-ATPase activity through the inhibition of chloride-conducting proteins in SVs, the protocols were adapted for measuring chloride fluxes on SSM-based biosensors. On SV-loaded sensors, 30 mM Cl − concentration jumps induced negative electric currents ( Figure 6A ). The negative value of these currents is in agreement with the movement of negative charges (chloride anions) toward the sensor electrode, as opposed to the positive currents induced by the movement of positive charges via the V-ATPase and Na + /K + -ATPase [13] . Chloride transport into the synaptic vesicles is linked to the V-ATPase activity [4, 5, 23] . Accordingly, the activation of the V-ATPase with 0.3 mM ATP in nonactivating and activating solutions resulted in an increase of chloride-induced currents by ∼ 49 % (Supplementary Figure S1 , available at http://www.BiochemJ.org/bj/427/bj4270151add.htm, and Figure 6A ). The positive currents induced by the ATP concentration jump from pre-incubating to non-activating solution mark the activation of the V-ATPase. DIDS and NPPB are blockers of anion channels and transporters [22] . To test the influence of these inhibitors on chloride-induced currents, either DIDS or NPPB were supplied to the solutions and the measurements were performed as described above. As for the above experiments ( Figure 5B ), the V-ATPase signal was inhibited by DIDS at low micromolar concentrations ( Figure 6B ). The chloride-induced peak currents were reduced by 32 and 45 % by 1 and 10 μM DIDS respectively and no further inhibition was observed with 100 μM DIDS (Figures 6B and 6D ). In contrast with DIDS, 10 μM NPPB inhibited the chloride currents by 80 % but did not affect the V-ATPase-specific currents ( Figures 6C and  6D ).
DISCUSSION
Electrophysiological measurements are a standard tool for studying the function and the physiology of transporters, pumps and channels at plasma membranes. However, electrophysiological data on intracellular proteins, such as V-ATPases, as well as data on electrical properties of plasma membranebound Na + /K + -ATPases in their native surroundings, are limited. In the present study we used SSM-based biosensors to electrically analyse V-ATPase and Na + /K + -ATPase in purified SVs and SPMs.
Quality of the purified SVs and SPMs
In the membrane purification protocol, SVs accumulated in the low-density sucrose gradient fractions, whereas SPM was concentrated in the higher-density fractions at the bottom of the gradient [14, 15] . The quality of the purified SVs was first tested via measuring V-ATPase-dependent acidification using AO as a pH-sensitive fluorescent dye [16] . In the SV-containing low-density fractions, ATP induced a decrease of the AO fluorescence that was inhibited by DIDS, the proton ionophore CCCP and by the V-ATPase inhibitor BafA1. This demonstrated that the measured fluorescence changes were due to the VATPase-dependent proton accumulation in the vesicles thus showing that the low-density fractions are suited for functional studies of V-ATPase activity [2, 3, 16, 17] . No significant AO fluorescence decrease could be detected when testing the highdensity fractions, showing that these fractions were largely free of SV contaminations. The separation of SVs and SPM was further tested by analysing the distribution of the V-ATPase-and Na + /K + -ATPase-specific electrical activities in the sucrose gradient fractions. The results showed that the distribution of V-ATPase and Na + /K + -ATPase activities correlated with the distribution of V-ATPase and Na + /K + -ATPase proteins in immunoblotting assays published previously [14, 15] . In the SV-enriched fractions, the minor effects of the Na + /K + -ATPase inhibitor Dig on the ATP-induced signals suggested some residual Na + /K + -ATPase activity due to contamination with SPM. However, the use of Na + -free solutions fully suppressed the Dig effects (i.e. Na + /K + -ATPase activity) and selected specifically for the V-ATPase activity (also see below). Hence the use of Na + -free conditions should be generally applicable for selective studies of the Na + -independent vesicular transport proteins in SV fractions. Together, the results demonstrate that the applied preparation and the SSM measurement protocols are well suited for functional studies of SVs as well as plasma membranes.
Specificity of the V-ATPase-related currents
Low-density sucrose gradient fractions containing the purified SVs were used for the electrical analysis of synaptic V-ATPase. Several features show that the ATP-induced currents correspond to the V-ATPase activity. First, like other membrane-bound ATPases, V-ATPase needs Mg 2+ as a cofactor for an efficient ATP hydrolysis [24] . Accordingly, the ATP-induced currents were Mg 2+ -dependent. Secondly, the currents were sensitive to the inhibitor BafA1 at low nanomolar concentrations, which is highly specific for V-ATPases [17] . In contrast, P-type ATPases are either not affected or are inhibited by BafA1 only at >1000-fold higher (micromolar) concentrations [17] . Thirdly, the absence of Na in the experiments demonstrates that the ATP signals cannot originate from the P-type Na + /K + -ATPase via possible plasma membrane contamination. Finally, the calculated K 0.5 for ATP is 51 μM, which is in the range observed for other V-ATPases [21, 24, 25] . Together with the fact that the applied SVs showed an easily detectable V-ATPase activity in acidification assays, these features demonstrated that the detected electrical currents were V-ATPase-specific.
Characterization of the Na
+ /K + -ATPase-specific currents
In presence of K + , the Na + /K + -ATPase pumps three Na + ions into the cytosol and two K + ions out, thus the pumps are electrogenic [1, 10] . In addition, Na + /K + -ATPase can also conduct electrical currents in K + -free solutions as demonstrated in BLM (black lipid membrane) and SSM experiments [7, 26] . The SSM-based measurements of the synaptic Na + /K + -ATPase were performed with the SPM-enriched sucrose gradient fractions in the absence of K + . In accordance with previous SSM-based experiments with the pig kidney [7] , fast decaying, Na + /K + -ATPase-mediated transient currents were obtained using SPM-loaded sensors upon rapid ATP concentration jumps under K + -free conditions. The ATP-induced currents were inhibited with the membranepermeable Na + /K + -ATPase-specific inhibitor Dig, demonstrating that the detected currents corresponded to the Na + /K + -ATPase activity [18] . Moreover, the calculated K 0.5 for ATP of approx. 12 μM was in good agreement with the approx. 3 μM determined for pig Na + /K + -ATPase in K + -free solutions [7] . As ATP can bind to the Na + /K + -ATPase only from the intracellular side of the protein, these results demonstrate that the applied SPM adsorbed, at least partially, in the inside-out configuration to the sensors. For the Na + /K + -ATPase, a low-affinity and a high-affinity ATP binding has been described [27] . ATP binds with low affinity to the K + -bound protein, whereas the high-affinity ATP binding was observed in absence of K + [28, 29] . Interestingly, the K 0.5 for ATP values determined in K + -free conditions with the SSM-based technique in the present paper were significantly lower than the K m for ATP of 70-460 μM determined for different rat Na + /K + -ATPase αβ oligomers in presence of Na + and K + [1, 7] . This suggests that the K 0.5 for ATP determined in the present work reflects, at least partially, the high-affinity binding of ATP to the Na + /K + -ATPase.
Inhibition of the V-ATPase-specific currents with BafA1 and DIDS
BafA1 is a highly hydrophobic macrolide antibiotic which binds to the membrane-spanning domain of the V-ATPase protein [17] . Several independent groups have reported on the reversibility of BafA1 effects on the V-ATPase activity in vivo [30, 31] . In such in vivo studies, the de novo synthesis of the enzyme was postulated to be responsible for the recovery of the activity [19] .
In vitro studies using reconstituted V-ATPase in liposomes have shown that BafA1 does not bind covalently and that the binding is reversible [32, 33] ; however, in these assays the BafA1 binding was reversible only in presence of lipid excess provided by addition of protein-free liposomes. Owing to its highly lipophilic nature BafA1 was suggested to accumulate and/or tightly bind to the membranes [17, 19] . This high hydrophobicity might explain why the inhibitory effect of BafA1 on the V-ATPase-specific currents could not be reversed under the experimental conditions described in the present study. Similarly, the time dependence of the BafA1 effect may reflect the accumulation of the inhibitor on the sensors. The stilbene derivate DIDS had been described to inhibit the synaptic V-ATPase at low micromolar concentrations [16] . The inhibition of proteins by DIDS is often irreversible as DIDS can form covalent bonds with amino groups of amino acids [34, 35] . In the presented experiments DIDS inhibited the V-ATPase-specific currents at low micromolar concentrations and the inhibition was dose-and time-dependent, and irreversible. The time dependency and the poor reversibility of the DIDS effect on ATP-induced currents suggest that the stilbene derivate may interact with the V-ATPase via covalent bonds.
Inhibition of the V-ATPase-specific currents with ADP
Compared with batch-based methods such as acidification assays, the SSM-based approach allows real-time V-ATPase measurements without accumulation of the ATP-hydrolysis products in the experimental solutions. Therefore the approach is well-suited for studying the regulation of the V-ATPase by ADP. The sensitivity of the V-ATPase-specific currents to ADP is in agreement with the general mode of action of V-ATPases, and with ADP being important for the feedback control of V-ATPases [20, 21, 24, 36] . The Hill coefficient of approx. 0.5 suggested the ADP binding with the V-ATPase protein was negatively cooperative. This is consistent with the existence of a high-affinity (K d of approx. 66 nM) and a low-affinity (K d of approx. 17 μM) ADP-binding site in the V-ATPases [37] . In addition to the Hill coefficient, the characteristics of the ADP washout in the SSMbased experiments also suggested that multiple ADP-binding sites exist. In these experiments, the inhibition with up to 1 μM ADP was only poorly reversible, which correlates with the dynamic range of the high-affinity ADP binding [37] . In contrast, the recovered V-ATPase-specific currents obtained after the washout of higher ADP concentrations (10 or 100 μM) approximated to values corresponding to the currents measured in presence of 1 μM ADP. This suggests that the high-affinity binding of ADP to the enzyme was poorly reversible under the respective experimental conditions, whereas ADP at the low-affinity binding site(s) could be washed out.
V-ATPase activity and chloride conductance
Chloride serves as the counter anion of protons and plays an important role in the acidification of SVs and endosomes [4, 22] . In agreement with H + and Cl − ions being electrochemically coupled, the chloride-induced currents of SVs were significantly increased in the presence of an activated V-ATPase. DIDS is a general inhibitor of chloride-conducting proteins, but it also inhibits synaptic V-ATPase at low micromolar concentrations [16] . The inhibition profile of the ATP-and chloride-induced currents suggested that DIDS may have affected the chlorideinduced currents indirectly by inhibiting the V-ATPase activity. Therefore experiments using another general inhibitor of chlorideconducting proteins, NPPB, were performed. In contrast with DIDS, NPPB inhibited the vesicular chloride currents but not the V-ATPase-related currents. Despite these observations, a direct inhibition of the chloride conductance with DIDS is possible.
Such a direct inhibition is especially interesting in the light of the recent finding that the DIDS-sensitive glutamate transporter VGLUT1 is essential for the acidification of synaptic vesicles [5, 16, 38] . This finding suggests that VGLUT1 represents the major chloride permeation pathway in SVs. However, other chloride-conducting proteins have also been demonstrated to play a role in the acidification of synaptic vesicles [22, 23, 39] . Therefore the chloride-induced currents detected with the SSMbased approach may represent activities of different vesicular chloride-conducting proteins. Further combined studies using the SSM-based technology and acidification assays may help to elucidate the significance of these currents for the acidification of the vesicles in vivo.
Conclusions
During the last decade many SSM-based electrophysiological studies on different transporters, pumps and channels have been performed demonstrating the wide applicability of the technology for transport protein research [11, 13, 40, 41] . In the present paper, we have described an approach to expand the applicability of the SSM-based electrophysiology to ATPases of SVs and SPMs. These protocols allowed detailed mechanistic and pharmacological characterization of the vesicular V-ATPase, as well as the plasma membrane Na + /K + -ATPase, and enabled us to discriminate between the activities of these two proteins in their native surroundings. Together with protocols for measuring neurotransmitter transporters, such as the glutamate transporter EAAC1 (Na + -dependent neural glutamate transporter-excitatory amino acid carrier 1) [42] , future SSM studies will help to understand the complex interplay of these proteins in synaptic signalling.
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